Simple Summary: Sperm must undergo various physiological processes to successfully transport paternal genetic information to oocyte, of the processes, acrosome reaction is involved in fusion between sperm and oocyte. Generally, polyunsaturated fatty acids (PUFAs) composition of sperm control the acrosome reaction in mammals, however correlation with acrosome reaction and sperm PUFA composition has not yet been clearly demonstrated in pigs. Therefore, this study investigated fatty acids composition in excessive over the 85% acrosome reacted sperm and analyzed correlation with acrosome reaction and PUFAs composition in pigs. The 60 mM methyl-beta-cyclodextrin (MBCD) was used to induce acrosome reaction and fatty acid composition was analyzed using gas chromatography. The PUFAs composition dramatically decreased, otherwise saturated fatty acids (SFAs) composition increased in acrosome reacted boar sperm, there were closely negatively correlated with acrosome reaction and PUFAs in boar sperm. Therefore, acrosome reaction induced loss of PUFAs in boar sperm, the results suggest that provide knowledge for relation between PUFAs and the acrosome reaction in pigs.
Introduction
Sperm are the male germ cells, which are produced in the testes and are then excreted through the vas deferens, after which they acquire capacitation [1] . Unlike oocytes, sperm have motility, and composition, plasma membrane integrity, and in vitro fertilization (IVF) ability in >85% acrosomereacted boar sperm.
Materials and Methods

Animals and Semen Collection
All experiment procedure that included animals followed the scientific and ethical regulations proposed by the European Animal Experiment Handling License Textbook [22] and approved from Animal Experiment Ethics Committee in Kangwon National University, Republic of Korea (No: KIACUC-09-0139). Fresh semen samples from pigs (Duroc), which had an average age of 34.0 ± 2.5 months, were collected via a glove-hand method from five pigs. Collected sperm was diluted with a semen extender (Modena B; 30.0 g/L glucose, 2.25 g/L EDTA, 2.50 g/L sodium citrate, 1.00 g/L sodium bicarbonate, 5.00 g/L Tris, 2.50 g/L citric acid, 0.05 g/L cysteine, and 0.30 g/L gentamicin sulfate) until a concentration of 1.5 × 10 7 sperm/mL was obtained, after which the samples were transported to a laboratory within 2 h at 18°C before experiment.
Acrosome Reaction using Methyl-Beta-Cyclodextrin (MBCD)
The diluted semen samples were centrifuged at 410 g for 5 min, after which the supernatant was removed and resuspended with a semen extender until a concentration of 1.5 × 10 7 sperm/mL was obtained. Afterwards, the semen samples were treated with 0, 10, 20, 30, 40, and 60 mM MBCD (Sigma, MO, USA) for 30 min at room temperature, and the supernatant was removed via centrifugation. Additionally, 60 mM MBCD was added as treatments in the semen based on the following concentrations: 3.5 × 10 7 , 7.0 × 10 7 , 3.5 × 10 8 , and 1.0 × 10 9 sperm/mL. These concentrations allowed for the examination of the acrosome reactional influence of MBCD on sperm concentration.
Acrosome Reaction Detection
Sperm samples were diluted with extender until a concentration of 7.5 × 10 6 sperm/mL was obtained, after which 2 µM lectin from arachis hypogagea (FITC-PNA; Sigma) and 2 µM propidium iodide (PI; Sigma) were added to each of the samples for 5 min. After the incubation, samples were centrifuged at 410 g for 5 min, the supernatants were removed. Samples were resuspended with PBS, and a total of 10,000 sperm were analyzed via flow cytometry (BD Biosciences, CA, USA). FITC-PNA positive sperm were evaluated, in order to detected acrosome-reacted sperm.
Sperm Plasma Membrane Integrity Assay
Sperm plasma membrane integrity assays were performed according to methods from a previous study [23] . Forty nM SYBR-14 (Molecular probes, NY, USA) and 2 µM PI were added to 1.5 × 10 6 sperm/mL at 38°C for 5 min, and these samples were centrifuged to remove supernatants at 410 g for 5 min. Samples were resuspended with PBS, and a total of 10,000 sperm were analyzed via flow cytometry.
In Vitro Fertilization (IVF)
All IVF methods and processes were performed according to methods from a previous study [23] . Ovaries were collected from prepubertal gilts at a slaughter house (Pocheonfarm, Pocheon, Republic of Korea) and transported to the laboratory within 2 h. Oocytes were then aspirated from the antral follicles. Intact cumulus-oocyte complexes (COCs) were selected, washed in PBS-PVA, and incubated in maturation medium that consisted of modified TCM-199 (Sigma) with 10 ng/ml of epidermal growth factor (EGF; Sigma), 10 IU/ml of human chorionic gonadotropin (hCG; Sigma), and 10% (v/v) porcine follicular fluid (pFF) with luteinizing hormone (LH; Sigma) and follicle stimulating hormone (FSH; Sigma) for 22 h at 38.5°C and 5% CO2. Afterwards, COCs were transported in the maturation medium without hormonal supplements and incubated for 22 h at 38.5°C and 5% CO2. After 44 h of culturing, all of the oocytes were separated from the enclosing cumulus cells via gentle pipetting in a maturation medium containing 0.1% hyaluronidase (Sigma). The fertilization medium was based on a modified Tris-buffered medium (mTBM) with caffeine, and mature oocytes were washed and transferred to a 25 µL droplet of mTBM covered with paraffin oil. To investigate the IVF ability, 25 µL of 6.0 × 10 5 sperm/mL in mTBM aliquots were added to samples that contained maturated oocytes. The sperm-oocytes were incubated for 6 h at 38.5°C under 5% CO2. After fertilization, extra spermatozoa were removed from the oocytes by repetitive pipetting, and oocytes were washed in culture media (porcine zygote medium: PZM-3 with 0.3% BSA) and incubated at 38.5°C for 192 h under 5% CO2 in humidified air. The oocyte cleavage and blastocyst formation rates were assessed via microscopy after 192 h of culture.
Gas Chromatography
To induce excessive acrosome reactions, the 3.5 × 10 7 sperm/mL samples were treated with 60 mM MBCD for 30 min at room temperature. Afterwards, samples were washed twice at 410 g for 5 min, then centrifuged at 3,700 g, 4°C for 10 min. Samples were diluted with semen extender, then centrifuged at 13,000 g, 4°C for 20 min and were stored at -80°C before the experiment. Sperm pellets were completely diluted with 1 mL semen extender, which were then diluted with 20 mL chloroformmethanol (2:1) and 0.88% NaCl solution, after which they were mixed for 5 min. After incubation for 36 h at 4°C, samples were centrifuged at 1,700 g for 30 min, and the 10 mL bottom layer was transferred to a new tube, and the solvents were removed using nitrogen air. Afterwards, 1 mL of 0.5 N methanolic NaOH was added and incubated at 100 °C for 15 min. After cooling, 2 mL of 14% Boron trifluoride (BF3)-methanol was added and incubated at 100°C for 15 min, after cooling, 1 mL of heptane and 2 mL of NaCl were diluted and incubated for 40 min at room temperature. The supernatant was analyzed via gas chromatography (Agilent Technologies Co., CA, USA).
Statistical Analysis
Statistical analyses were conducted by using SAS v. 9.4 (SAS Institute, USA). Data were evaluated using analysis of variance (ANOVA) and Duncan's multiple-range tests via the use of general linear models. The differences were considered to be statistically significant at p < 0.05. Correlation tests were conducted between the analysis of the acrosome reaction, the plasma membrane integrity, the IVF ability, and the fatty acid composition.
Results
Effect of MBCD Level on Acrosome Reaction
The influence of MBCD on acrosome reactions in boar sperm are shown in Figure 1A . The 10 mM MBCD group exhibited no significant differences compared to the 0 mM MBCD group, in regard to the boar sperm acrosome reaction; however, the 20 and 30 mM MBCD treatments significantly induced acrosome reactions, compared to the 0 mM MBCD treatment (p < 0.05). Additionally, acrosome reactions were significantly increased in the 40 and 60 mM MBCD groups, compared to the other treatment groups (p < 0.05). Furthermore, over 85% of the sperm were induced to have acrosome reactions (n=3, 87.16, 88.32, and 85.65%) via the 60 mM MBCD treatment.
Effect of Sperm Concentrations on Acrosome Reaction
Based on previous experiments, we conducted tests examining the effect of 60 mM MBCD on the acrosome reactions of sperm concentrations, and the results are shown in Figure 1B . Acrosome reactions were induced by 60 mM MBCD in over 85% of the sperm in all of the treatments (3.5 × 10 7 , 7.0 × 10 7 , 3.5 × 10 8 , and 1.0 × 10 9 sperm/mL), and acrosome reactions were significantly increased in the 3.5 × 10 7 sperm/mL (89.31 ± 3.15%) group than in the 3.5 × 10 8 sperm/mL (83.64 ± 1.94%) and 1.0 × 10 9 sperm/mL (81.29 ± 1.73%) groups (p < 0.05). 
Plasma Membrane Integrity
The influence of MBCD on the plasma membrane integrity in boar sperm is shown in Figure 2 . The plasma membrane integrity was significantly decreased, according to the MBCD level (p < 0.05). In particular, treatments greater than 30 mM MBCD dramatically decreased the plasma membrane integrity in boar sperm, and the plasma membrane integrity was significantly lower at 60 mM MBCD (20.68 ± 0.12%) than in the other groups (p < 0.05). 
Fatty Acid Composition
Changes in fatty acid composition, according to the acrosome reactions in boar sperm, are shown in Table 1 . C16:0 (palmitic acid), C18:0 (stearic acid), and C18:1n-9 (oleic acid) ratios were significantly increased in the acrosome reaction groups (over 85% of the acrosome-reacted sperm) compared to the non-acrosome reaction group (p < 0.01). Conversely, the C22:5n-6 (docosapentaenoic acid [DPA]) and C22:6n-3 (docosahexaenoic acid [DHA]) ratio was decreased in the acrosome reaction group compared to the non-acrosome reaction group (p < 0.01). The saturated fatty acid (SFA) and monounsaturated fatty acid (MUFA) ratio was significantly increased in the acrosome reaction group, conversely, the unsaturated fatty acid (UFA) and polyunsaturated fatty acid (PUFA) ratio was significantly decreased in the acrosome reaction group (p < 0.01). In addition, the SFA/UFA ratio was significantly increased in the acrosome reaction group (p < 0.05).
Fertility Assay
The influence of excessive acrosome-reacted boar sperm on in vitro fertility is shown in Table 2 . Embryo cleavage was significantly decreased in the acrosome reaction group, compared to the nonacrosome reaction group, and blastocyst formation rates were significantly decreased in the acrosome reaction group, compared to the non-acrosome reaction group (p < 0.01). In particular, no blastocysts were formed in the acrosome reaction group, and the degeneration ratios were increased in the acrosome reaction group compared to the non-acrosome reaction group. 
Relationship between Acrosome Reactions and Fatty Acids Composition
Correlations between the composition of fatty acids and the acrosome reaction, plasma membrane integrity, in vitro fertility, and blastocyst formation in boar sperm are shown in Tables 3  and 4 . The acrosome reactions were highly negatively correlated with plasma membrane integrity (p = 0.0007), in vitro fertility (p = 0.0012), and blastocyst formation (p = 0.0003) ( Table 3 ). The C16:0 (p = 0.0021), C18:0 (p = 0.0003), C18:1n-9 (p = 0.0079), SFA (p = 0.0006), MUFA (p = 0.0079), and SFA/UFA (p = 0.0004) ratios were positively correlated with acrosome reactions and were also negatively correlated with the plasma membrane integrity, in vitro fertility, and blastocyst formation (Table 4) . Additionally, the C20:4n-6 (p = 0.0332), C22:5n-6 (p = 0.0005), C22:6n-3 (p = 0.0042), UFA (p = 0.0003), and PUFA (p = 0.0004) ratios were negatively correlated with acrosome reactions and were also positively correlated with the plasma membrane integrity, in vitro fertility, and blastocyst formation (Table 4) . 
Discussion
The biochemical mechanisms in acrosome reacted sperm during fertilization have been studied to understand causes of male infertility for decades [10, 24] . Generally, in female reproductive tract, sperm acquire capacitation at this time, and the fluidity of sperm is increased due to scrambling of the plasma membrane, since then, the acrosome of sperm head is extracted to extracellular by the fusion of the plasma membrane and the outer acrosomal membrane [10] . The sperm membrane is composed of glycoproteins [25] , which contains high levels of PUFAs [18] and low levels of cholesterol [26] , with their interaction being necessary for maintaining the survival and motility of sperm [27] . The acrosome reaction is an essential phenomenon for the acquisition of fertility in sperm, for this reason, many studies on acrosome reaction mechanism have been investigated [10] . Especially, many studies reported that sperm fatty acids composition is changed during oxidative stress [20, 28] and freezing [16] because these events induce plasma membrane damage and acrosome reactions. The studies on acrosome reaction and fatty acids composition in pigs have been mostly conducted that freezing-thawed sperm [16, 29] and ejaculated sperm from PUFAs supplemented pigs [30, 31] and difference breed [32] , in the studies, fatty acids composition had been analyzed in acrosome reacted sperm with 8-16% [16] , 25-60% [29] , 45-50% [30] , 8-13% [31] , and 10-55% [32] . However, the studies could not be clearly demonstrated whether changes of exactly fatty acids composition according to acrosome reaction in boar sperm, therefore, we investigated changes in fatty acids composition in extremely acrosome-reacted sperm (over the 85%) in pigs. The majority of cells contain cholesterol in the plasma membrane. If there is an efflux of cholesterol from the plasma membrane, the membrane is damaged, involving events such as phospholipid scrambling, membrane structure disruption, and PUFAs oxidation [26] . The MBCD represents the cholesterol efflux material from the plasma membrane, and several studies have reported that not only is 89% of cholesterol reduced, but P4R is also activated, when MBCD was added to semen for 24 h [33] . In this study, over 85% of sperm were induced to having acrosome reactions by 60 mM MBCD in 3.5 × 10 7 sperm/mL semen for 30 min, and excessive acrosome-reacted sperm was used to investigate the fatty acid composition and in vitro fertility.
Sperm is covered with lipoproteins, and the cell membrane is involved in fertilization when the sperm meets the oocyte [34] . Moreover, the reproductive mechanism is one of the major areas of interest in sperm physiology and pathology [34] . In addition, membrane fusion with the oocyte and the normal morphology of sperm are predominant conditions that primarily depend on the lipid composition [10] . In practice, previous studies have reported that mammalian and nonmammalian sperm are composed of triglycerides, cholesterol, phospholipids, and glycolipids [10] . In particular, phospholipids are the most abundant types of lipids in the sperm plasma membrane and are classified as phosphatidylcholine and phosphatidylethanolamine [35] . It has been reported that many UFAs are composed of fatty acids from plasmalogen, specifically, C18:3n-3, C18:2n-6, and C18:1n-6 in the sperm are converted to PUFAs via fatty acid metabolism [36] . The highly PUFAs (HUFAs), such as C22:5n-6 (DPA) and C22:6n-3 (DHA), were found in boar sperm, and the composition of the fatty acids protects the sperm from oxidative stress [36] . However, the PUFAs in the plasma membrane are damaged during the fertilization process, which then leads to fusion with the outer acrosomal membrane [10] . Thus, cholesterol efflux and PUFA damage in the sperm plasma membrane is directly linked to the acrosome reaction, and the results also confirmed that excessive acrosome reactions (over 85%) were induced by high concentrations of MBCD. The sperm plasma membrane is a thin layer that covers the surface, and it contains phospholipids, proteins, and PUFAs, in particular, pigs contain a higher proportion of PUFAs in the sperm plasma membrane than other species [36] . The PUFA is a fatty acid containing a double bond, and it is chemically unstable compared to SAFs, because it is easily oxidized and has a low melting point [37] . In the aspect of dietetics, PUFA is an essential fatty acid, not only for the removal of ROS, the regulation of blood cholesterol, and the regulation of blood lipoproteins but also for the maintenance of the retina, brain, and cell structure in mammals [37] . DPA and DHA are omega-3 PUFAs that maintain cellular structure and regulate metabolism in mammals [38] . They also play various roles, such as inhibition of the blood epithelium, promotion of bone formation, reduction of cholesterol and triglycerides, and improvement of circulatory system function [39] . On the other hand, SFAs have high chemical stability and a high melting point because they do not have double bonds [39] . Moreover, PUFA intake is known to be directly related to sperm function, in fact, previous studies have reported that PUFA intake improved sperm concentration, viability, and motility in domestic animals, and it also increased the properties of PUFAs in human [17, 40] . In addition, a reduction of PUFA in the sperm plasma membrane induces oxidative stress, which indicates that lipid peroxidation is closely related to sperm motility, survival rate, and normal morphology [41] . Infertile male sperm contains lower levels of DHA than normal male sperm, and DHA is associated with tail motility in sperm [42] . However, PUFAs are vulnerable to the production of ROS by oxides, which affects not only lipid peroxidation but also midpiece abnormalities [26] . Finally, it also induces the reduction of motility, plasma membrane damage, low characteristics, and negative influences on fusion with the oocyte [43] . Our results demonstrated that the plasma membrane integrity was reduced with increases of the acrosome reaction in boar sperm, and the results suggest that plasma membrane disruption is necessary for the efflux of the acrosome from the sperm head. In addition, the study showed that DPA and DHA were decreased in excessive acrosome-reacted sperm and exhibited highly negative correlations with the acrosome reaction. Overall, the PUFAs, DPA and DHA may be used as accurate, predictive fatty acid markers for excessive acrosome reactions in boar sperm.
Generally, the acrosome reaction is an essential process for successful fertilization for the meeting of sperm and oocytes, however, if the acrosome reaction is induced at an inappropriate time, such as before the penetration of the female reproductive tract and fusion with the oocyte, sperm fertility is dramatically decreased [24] . This indicates that acrosome-reacted sperm cannot be fertilized with oocytes, and that the ROS that is generated from dead sperm produces negative effects on the viable sperm, such as lipid peroxidation and acrosome reactions, subsequently, death occurs [13] . Therefore, the development of embryos and the formation rate of blastocysts were both significantly reduced when artificial insemination or IVF was performed by using semen with a high content of acrosome-reacted sperm [44] . Our results demonstrated that excessive acrosome-reacted sperm significantly decreased embryo cleavage and blastocyst formation when fertility assays utilized IVF and that DPA and DHA have highly positive correlations with acrosome reactions, but highly negative correlations with in vitro fertility and blastocyst formation. These results suggest that DPA and DHA are significantly involved in the acrosome reaction and that the fatty acids could be used as predictive markers for semen quality.
In this study, over 85% of the sperm experienced acrosome reactions from MBCD treatment (which is a cholesterol efflux substance), and this resulted in increased plasma membrane damage, reduced PUFA ratios, such as DPA and DHA, and markedly decreased fertilization abilities in pigs. Therefore, the PUFAs, especially DPA and DHA, may be directly associated with the acrosome reaction in boar sperm, and studying PUFAs may help to understand the relationship between PUFAs and the acrosome reaction during sperm capacitation and fertilization in mammals. 
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